A carbon corrosion model is developed based on the formation of surface oxides on carbon and platinum of the polymer electrolyte membrane fuel cell electrode. The model predicts the rate of carbon corrosion under potential hold and potential cycling conditions. The model includes the interaction of carbon surface oxides with transient species like OH radicals to explain observed carbon corrosion trends under normal PEM fuel cell operating conditions. The model prediction agrees qualitatively with the experimental data supporting the hypothesis that the interplay of surface oxide formation on carbon and platinum is the primary driver of carbon corrosion.
Introduction
Carbon is commonly used as material for catalyst supports, gas-diffusion media and bipolar plates in Proton Exchange Membrane (PEM) fuel cells, though it is well-known that carbon is thermodynamically unstable in PEM fuel cell cathode environments. The current PEM fuel cell cathodes typically operate at temperatures in the range of 60ºC -85ºC and potentials in the range of 0.5 -0.95 V (vs. RHE), which is significantly more anodic than the equilibrium potential for carbon oxidation to carbon dioxide (0.207V vs. RHE). However, the kinetics of carbon oxidation under PEM operational conditions is relatively slow. This slow oxidation kinetics makes carbon an appropriate material for PEM electrodes.
Carbon corrosion occurs at different rates under various fuel cell operating conditions. A few distinct conditions that can lead to extensive carbon corrosion and catastrophic performance decay in a short period of time have been identified. One such condition occurs during start/stop operations when air leaks into or is present in the anode gas channels and creates potential variation in the platform [1] [2] [3] . Another condition that leads to carbon corrosion is fuel starvation induced by flow mal-distribution in the individual cells of the stack 4 . In both cases, undesirable oxygen reduction reaction (ORR) at the anode decreases the potential of ionomer keeping high potential difference between carbon and ionomer (close to equilibrium potential of ORR). That results in high potential difference (~1.4 V) between carbon and ionomer at the opposite cathode and accelerated carbon corrosion at this potential [1] [2] [3] [4] . The corresponding system strategies to mitigate have also been proposed and demonstrated 5 .
Under normal PEM fuel cell operating conditions, carbon corrosion occurs at a less perceptible rate though accelerated by platinum [6] [7] [8] [9] [10] and water. Although this impact is less severe than for hydrogen starvation and startup, it is still large enough to cause the degradation of PEMFC cell performance after long-term operation 11 . The carbon corrosion mechanism and approaches of modeling under normal PEM fuel cell operating conditions have received increased attention due to long-term performance and durability requirements on the current fuel cell systems. Few possible routes for carbon corrosion reported in refs 9, [12] [13] [14] suggest that the transient species such as ·OH and ·OOH radicals formed on the surface of the Pt catalyst spill over to the carbon, resulting in formation of carbon oxide groups, which then proceed to CO and
Under normal PEM fuel cell operating conditions, carbon corrosion does not occur on anode side since the anode potential is always lower than the equilibrium potential for carbon oxidation (0.207V vs. RHE). Oxidation of carbon is believed to happen only on cathode side, especially in electrodes and electrode/gas diffusion layer (GDL) interface because of the presence of platinum catalyst. Oxidation of carbon into CO 2 is known to be strongly dependent on carbon morphology and functional groups on its surface. The morphology of carbon surface could vary from highly-stable graphite structure to less-stable amorphous structure. Carbon atoms on the surface could also covalently bind with other atoms to form a wide variety of species, including Figure 1 . potential holds, the difference were evident when square wave cycled to different upper potentials. Square-wave potential cycling is believed to accelerate cell decay 17 . The CO 2 concentration in the cathode exhaust significantly increased for the configuration 1 (with carbon support in cathode electrode), but no statistically significant increase was observed for configurations 2 and 3. This result clearly shows that carbon corrosion mainly occurred on carbon support in the cathode electrode. The carbon corrosion rates in micro-porous layer of SGL-25BC as well as carbon paper (U107) were too small to detect in the current experiments.
Configuration 1 is the baseline case used in this study.
Carbon Corrosion model
The carbon corrosion model that is developed here predicts the CO 2 released from the fuel cell, In the current carbon corrosion model the cathode catalyst layer is represented as three interfaces:
zone A (Nafion/carbon interface), zone B (platinum/Nafion interface) and zone C (platinum/carbon interface). A schematic picture of the cathode catalyst layer consisting of these zones is shown in Figure 2 . In each of these zones different sets of reactions are assumed to take place. These reactions are described below.
Zone A (Interface between Nafion and carbon)
We assume that the carbon surface consists of defect sites C* that are prone to reversible electrochemical oxidation forming an unstable C-OH group at a potential of 1
The unstable surface C-OH group can be further oxidized to form a stable C=O group at a potential of 2 A E =0.8 V through the following reversible reaction. , the unstable surface C-OH group is oxidized to form carbon dioxide that exits the system leaving behind a new defect site. This reaction is shown below.
Reaction 3 captures the carbon dioxide emission at higher voltages from the oxidation of the unstable surface groups which are not converted to the stable surface groups.
The spillover mechanism of carbon corrosion was also included in the model. This is represented by two other reactions involving ·OH radicals. OH groups are formed at Pt surface in the process of Pt electrochemical oxidation (discussed later in Zone B section). These OH groups can spill over to the carbon surface forming ·OH radical adsorbed at carbon surface.
This absorbed ·OH radical can react with defect carbon site with formation of unstable C-OH groups. As the concentration of free defect sites is very low due to high activity of these sites we neglect the reaction of ·OH radicals with defect sites. Also ·OH radicals can react with the unstable carbon hydroxides forming carbon dioxide and creating a defect site as per the following reactions.
It should be noted that the ·OH radical attack on the surface oxide of carbon can result in carbon dioxide emission at low potentials, i.e. even at potentials just above 0.2 V. The reaction rate constants and the equilibrium potentials are not explicitly discussed in literature. Hence, most of the parameters used to represent these reactions are fitted to experimental data, to enable the prediction of the qualitative trends of the impact of potential change.
Zone B (Interface between Nafion and platinum)
On the surface between the platinum and Nafion, two sets of reactions take place: platinum oxidation and ·OH radical generation. The platinum oxidation occurs through the following two reactions with ads Pt(OH) acting as an intermediate.
The reaction rate parameters and the equilibrium potentials for reaction 6 and 7 are adopted from the literature 4, 6 
The ·OH radical that is generated on the platinum surface can spill over on to the carbon surface enabling carbon corrosion even at low potentials.
Zone C (Interface between carbon and platinum)
On the surface between the platinum and carbon, three sets of reactions occur. First, the platinum oxidation described by reactions (6) and (7) occur on the platinum surface in zone C. Second, the carbon oxidation reaction described by reaction (1), (2) and (3) occurs on the carbon surface in zone C. Third, the ads Pt(OH) reacts with the unstable surface oxide of carbon C-OH to form carbon dioxide and a carbon defect site as per the following reaction.
This reaction allows for carbon dioxide emission during the step change in potential from low to a high value.
Model equations
The kinetics associated with each of the reactions (1) to (9) occurring in Zone A, Zone B and Zone C are captured in Table 1 . State variables in these equations are listed in Table 2 . The parameters in these equations are listed in the Appendix. 
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Simulation results from the carbon corrosion model
With the carbon corrosion model discussed above, we simulated the impact of various operating conditions on carbon dioxide emission as a measure of carbon corrosion. These results are presented below. Whenever experimental data is available we compare it against model predictions.
Impact of potential hold
At steady state, carbon dioxide emissions were measured in H 2 /N 2 at anode and cathode of the fuel cell subscale system operating at a relative humidity of 95% and a temperature of 75˚C. The experimental results along with model predictions for different potential holds are shown in The model prediction for carbon dioxide emission as function of potential had a peak in steady state emission at ~0.8 V. The quantitative emissions depend on the reaction rate constant for reaction (9) and the potential associated with the peak in CO 2 emissions is dependent on the equilibrium potential of reaction (2) . It is important to note the emission rates predicted by the model are within the ± 0.1 µg/min of the CO 2 emission variation and these are interpreted to be fairly low CO 2 emissions from the fuel cell at steady state.
The steady state coverage fractions of various species on the platinum surface and carbon surface are shown in Figure 4 and Figure 5 respectively. It was seen that the decrease in C-OH at high potentials overlaps with the increase in Pt(OH) ads species which react to yield an increase in CO 2 . The formation of the stable C=O at higher potentials subsequently decreases the CO 2 platinum surface species and carbon surface species is the source for carbon corrosion, as included in this model. that can produce carbon dioxide depending on the availability of reacting species and the potential. The steady state rates for these reactions are shown in Figure 6 . The primary source of steady state carbon dioxide emission was reaction (9) that depends on availability of C-OH and ads Pt(OH) . Reaction (3) Reaction (5) Reaction ( In Figure 8 , the model prediction of CO 2 emission response to step up and step down in voltage is shown. 1. During the low potential hold C-OH forms and gets accumulated on the surface of the carbon.
2.
As the voltage increases this accumulated C-OH is exposed to Pt(OH) ads and (·OH) ads that form at high potentials.
3.
By virtue of reactions (5) and (9), C-OH reacts with these species to release carbon dioxide until the surface fraction of C-OH settles down to a steady state value.
4.
At voltages greater than 0.95 V, another contributor to carbon dioxide emission is direct oxidation of C-OH by water according to reaction (1).
The model predicts a spike in carbon corrosion during a step down in the voltage because of the following sequence of events:
1. During the high potential hold, the species Pt(OH) ads accumulates on the surface of platinum and the (·OH) ads accumulates on the surface of carbon.
2.
As soon as the potential drops to a low value there is a sudden increase in the surface coverage of C-OH which reacts with the accumulated (·OH) ads and Pt(OH) ads to produce a spike in carbon dioxide emission.
3.
As the accumulated (·OH) ads and Pt(OH) ads get consumed the carbon dioxide emission settles back to its steady state value.
At potential sweep down from 0.95 V to 0.6 V, CO 2 is produced by reaction (5) of C-OH with adsorbed ·OH radicals that were accumulated at carbon surface at high potential. The reaction (5) is anodic reaction and, therefore, the reaction rate constant decreases with decrease of potential according with Butler-Volmer equation. However, the reaction rate of reaction (5) is a product of the reaction rate constant, concentration of adsorbed ·OH radicals and concentration of C-OH at carbon surface. The concentration of C-OH increases with decrease of potential due to formation of C-OH from C=O by cathodic reaction (2) . Thus, the total reaction rate of reaction (5) Comparison of experimental data in Figure 7 and model predictions in Figure 8 shows similar qualitative trends between the CO 2 emissions measured experimentally and those predicted by the model. It is important to note that the magnitude of the spike predicted by the model is significantly lower than that observed in experiments.
The causes of discrepancy between the modeling and experimental results could include:
1. Under 0.95V potential hold, possible VOC originated from the gas source and/or from the stand (i.e. humidifier) could be oxidized into CO 2 , leading to a higher CO 2 emission baseline in experimental curve.
2. The possible VOC or its derivatives may be absorbed on Pt and/or carbon surface during the constant potential hold (either low or high potentials), and be oxidized or reduced into CO 2 during the transient potential, which may significantly boost the magnitude of the spike in experimental curve.
Impact of voltage cycling
Next, we investigate the impact of voltage cycling over a period of 50 s consisting of 20 s hold at 0.6 V and 30 s hold at 0.95 V. Figure 9 shows the response of carbon dioxide emissions, in a As seen from Figure 9 , the carbon dioxide emission rate settled down during cycling to a steady state value greater than the emission rate corresponding to constant potential conditions, shown in Figure 3 . This was because cycling allowed for the co-existence of C-OH, Pt(OH) ads and (·OH) ads throughout entire cycling period. As a result, the average carbon dioxide emission during the cycling was about an order of magnitude greater than the carbon dioxide emission under potential hold conditions. This trend is in agreement with the experimental results shown in Figure 10 . Consistent with the gap observed in the case of potential change, the magnitude of the spike due to change in potential from a steady state to the cyclic condition was not large.
Impact of upper voltage during cycling
Next, we studied the impact of upper voltage of the potential cycle on carbon corrosion. Figure   11 shows the comparison of the model predictions and the experimental measurements of the steady state carbon corrosion rate during cycling with lower potential fixed at 0.6 V and the upper potential varied as indicated. These simulations were carried out at an RH of 95%. As seen in Figure 11 , the steady state carbon dioxide emission rate during the cycling increased as the upper voltage increased from 0.7 V to 1.0 V. This is because the upper voltage increases to a value higher than equilibrium potential of Pt(OH) ads formation by reaction (6) which contribute to carbon dioxide emission via reaction (9) . Reaction (3) also got activated at potentials greater than 0.9 V. Thus we observed a steady increase in the average carbon dioxide emission rate as the upper voltage in the voltage cycle went up. The model predictions were in qualitative agreement with the experimental measurements.
Impact of lower voltage during cycling
Next, we studied the impact of lower voltage of the voltage cycle on carbon corrosion. Figure 12 shows the comparison of the model predictions and the experimental measurements of the steady state carbon corrosion rate during cycling with upper potential fixed at 0.95 V and the lower potential varied as indicated. These simulations were carried out at an RH of 30%. As shown in Figure 12 , the steady state carbon dioxide emission rate during the cycling increased as the lower voltage decreased from 0.8 V to 0.6 V but the carbon dioxide emission rate increased marginally for voltages less than 0.6 V. This was because the propensity of C=O formation by consumption of C-OH via reaction (2) goes down as the voltage goes below 0.7 V leaving a higher surface coverage of C-OH. Since the carbon dioxide emission rate is dependent on the C-OH surface coverage, the average carbon dioxide emission rate increased as the lower voltage of the cycling decreased. The carbon dioxide emission rate plateaus at voltages less than 0.7 V because the carbon surface saturates with C-OH at low potentials. There is currently no mechanism built into the model to convert this C-OH to CO 2 at lower potentials.
Impact of relative humidity during cycling
Next, we studied the impact of relative humidity on carbon corrosion during voltage cycling. The solid line in Figure 13 represents the model predictions and the squares are experimental data. The model predicts that the steady state carbon dioxide emission rate increased as the relative humidity increased up to 40% RH. This was because the formation of the unstable surface oxide of carbon C-OH depended on the availability of water. As the relative humidity went down, the propensity of the system to form C-OH went down and consequently the carbon corrosion rate also went down. Above 40% RH, the model predicts low impact of relative humidity on the carbon emission rate though the experimental data did show an increase in CO 2 emission. This is a gap in the existing model that needs further investigation. Reverse reaction deceleration in reactions (6) and ( 
